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ELECTROSTATICALLY-CONTROIXABLE DIFFRACTION GRATING 

CROSS REFERENCE TO RELATED APPLICATIONS 
This application is a continuation and Cain, the benefit of copending 
v.- n„ (W/537 936 filed March 29, 2000, which 
U.S. non-provisional application No. 09/537,93b, n 
in turn claims the benefit of U.S. Provisional Application No. 60/126,84 
L d March 30, W the entirety of both of which are hereby incorporated by 

10 ^"LtEMENT REGARDING FEDERALLY SPONSORED R&D 

This invention was made with Government support under Contract 
Nos N66001-97-8620 and J-FBI-95-215, both awarded by the Defense 
LancedResearehProiect Agency. The Government has certain rights m 

15 the invention. _™ 

BACKGROUND OF THE INVENTION 

This invention relates to microelectromechanical systems (ME^and 
m0 re particularly relates to electrostatically-actuated structures for MEMs. 
MEMs are increasingly being employed for a wide range of 
• • t *,p to the ability to batch fabricate such microscale 

Ling and actuation applications are particularly well-addressed by MEMs. 
F „r many MEMs applications, electrostatically-actuated structures are 
particularly effective as analog positioning and tuning components within 
25 CexmLsystems. Electrostatic actuation provides a combmation of 

produce high energy densities and large force generation, as wel. as the 

eale of electrostatic actuator fabrication, and high operational speed 
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mechanical restoring force. as ^ 

The electrostatic force is a nonhnear function ^ ^ 
structure moves toward the separated electro e 

the electrodes 

15 tvpicaUyincreasessu^nea^ arfunctioI1 of distance. Duetothis 
„f the structure typically is a linear tn 

karate dependence on distance, not all minimum 

stab le separation character* t c ^ fte 

20 nnstable and causes uncontrollab e tr^ ity ^on, 

known generally as pull m. ^ ^ 

the interaction of the nonlinear electros characteristic of a „ 

restoring force of the structure being ~ ■ 

well-known to 

- r^mm^.— — - 

a structure can be stably positioned. taticaUy . actU ated 
. w related limitation of electrostatically 



su ch a structure through a revive* large stable actuatio n ^range. As a 
to produce a large range of actuation .not.. But ton- y 

^•^^^re— — — esthat enlarge 
thus remains a need for electrostatic opera tion at the 

ra nges of travel and farther that are optimised for actuator ope 

actuation mechanisms that enable stable, large rang 

• ^statically-controllable diffraction gratmg. The 
5 the invents is an electrostat. ally aod stationary 

electrodes that are dispose ^ element ta a 

.te— d actuatm ^—^l^ grained support 

— —-—res — - 

corresponding support region and disposed in 

'-i-t— — " 

, ♦« Fach mirror element includes an 
9S least one row of actuation elements. Each mirror 
25 least one Each mirror element is vertically 

^strained mirror support region that . con 

actuation element and that defines a vertical mirror gap. 



element also includes a mirror deflection region connected to the mirror 

supp „ rt region and free to be deflected through the mirror gap^ 

Thelrrorgapofamirrorelementisprovidedaslessthanthe 

ofth eactuationregion ofacorrespondingactnat.cn — througha 
disp lacement range to a specifled point in the a— gap wh n 
actuation voltage is applied between an —on region and «. * 
stationary electrode. This enables the diffraction of a beam of light incident 
10 Itgrtingasthebeamoflightisreflectedfromtheuppersurfacesofthe 



mirror elements. „ 

^connected mirror elements provided for at least one row of — 
, - A Dluralitv of rows of actuation elements can be employed, here 

Z one actuation element row or at least one of the — element 

rowsberngprov^dwitharowofin— 

In one scenario, the mirror gap can be further selected 
substantial planarity of the mirror element deflection region durmg sta 
suDswiiiw v mirror gap selection 

substrate during the corresponding 
element deflection region with the substrate a 

actuation region's stable displacement. 

Preferably, the optically reflecting upper surface of at least on mi 

- ;=::: — 

applications f jpflpcted through the mirror gap; 

corresponding mirror deflection region is deflected throng 



additionally or amative*, the planar optical* reflet up^face 
be stained parallel with that of at least one other nnrror element^ 
piled for another row of actuation events, and can 
parallel with the optically reflecting upper S urface of all other nurror 

5 "r each actuation element there can he defined an actuation element 

• that is free to be deflected through the actuataon gap. Here 
deflects regum that * free ^ ^ ^ ^ 

the actuation reg— ^^^^ in area between the 

Idtoplducecontro,, stable disp— of th—n 
element deflection region over a displacement range estendmg 
specified point in the actuation gap. 

The substrate of the diffraction grating can be provrded as, e* on, 

substrate. The electrodes, as well as the actuation elements and the unrror 
Lnts, can all he provided as polycrystalline silicon. ^ ^ 

20 laye %hediftactiongratingcanbee m ploye d forawiderangeof 

Generally described as having a stationary electrode and an actual 

and . conducting actuation region connected to the a— support 
region and free to be deflected through the actuation gap. 




auxiliary support region and is free ^ ^ 

The auxiliary gap is selected to be less ^ controlled and stable 

deration, tbe auxiliary gap - range .tending to 

^placement of tbe actuate region over a disp ^ ^ 

0 between the actuation reg.cn and the rta m of the 

is furth er selected to maintain a sub— - J ^ 

stab le dissent of tbe actuatic • J^J, fay . substantia l 
deludes a borstal upper surface th * 
u P-rt.tbatisnraintarned^^^ 

to actuation region extends from ^ ^ ^ 

actuation element deflection region, ^^j^ selected to produce controlled 
20 actuation region and the stationary e ertrode^ ^ & 

placement range ^^Z^ <* *" ^ * 
Other applications, features, a drawin gs, and from 

apparent from the following descrtption and associated draw 

25 ttoClaimS ' BRIEF DESCEIPTION OF THE DRAWINGS 

, a Z IB are schematic side-view diagrams of an example 
Flg s. 1A and IB are doubly -supported beam, 

elec—cally-artuatedca^ 
respectively, that nnplement the lever g 





^isaplotofsimulatio ^tafo.^aefleetionasa^of 

various beam stress levels, for the beam of F» 1, 

Fig 4 is a plot of simulation aud espenmental data 

° • that varies as a function of length, in 

supported beam having a width that 

accordance with the invention; 

I *R 6C are schematic side-view diagrams of example 
Figs. 6B-60 are scnei central actuation 

* a «l fl tP configurations, employing a cemu 

eleetrostltieaU.aotuated— 
accordaneewitbtheinvenrionvdtbane^nded^ae 

!c tion at pull-in, both as a functaon of the leng 
'TrS-schematieside-viewdiagramsofanrstexample 

^ r !; btbeam electrostatic actuation configuration provded 
gurarion of a double bea ^pecbvely; 
. invention, without and w,th an apphed 
Fig s. 9A-9B are schematic side-view digrams of a see 
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Fig. 10A is a plot of simulation data for actuation gap as a function of 
applied voltage for the actuation configuration of Figs. 9A-9B; 

Fig 10B is a plot of simulation and experimental data for actuate 
beam deflection as a function of applied voltage, for the double-beam 

5 configuration of Figs. 9A-9B; 

Figs 11A-11F are plots of simulation data for actuation gap as a 
function of applied voltage fer the actuation configuration of Figs. 9A^ 
wh ere the thickness of the auxiliary beam is increased from 2 pm to 7 pm 
1 \im increments; 

,n ' Figs 12A-12F are plots of simulation data for actuation gap as a 
function ef applied voltage for the actuation configuration of Figs. 9A-9B, 
where the auxiliary gap is increased from 1.5 pm to 2 pm in 0.! pm 
increments; 

Figs 13A-13F are plots of simulation data for actuation gap as 
15 function of applied veltage for the actuation configuration of Figs. 9A-9* 
where the thickness ef the actuation beam is increased from 1 pm to 2 pm m 

0.2 \im increments; 

Figs 14A-C are schematic side-view diagrams of an example three- 
beam electrostatic actuation structure provided by the invention, without an 
20 applied actuation voltage, with a first actuation voltage applied, and vnth 
second, higher actuation voltage applied, respectively; 

Figs 15A-B are schematic side-view diagrams of a the example 
configuration of a double beam electrostatic actuation configuration proved 
by the invention in Figs. 8A-B, here with segmented actuation electrodes for 
25 implementing leveraged bending, without and with an applied actuation 

voltage, respectively; 

Figs 16AB are schematic side-view diagrams of the example 
configuration of a double beam electrostatic actuation configuration provided 
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by the invention in Figs. 9A-B, here with segmented actuation electrodes for 
implementing leveraged bending, without and with an applied actuation 
voltage, respectively; 

Figs. 17A-B are schematic side-view diagrams of an example 
configuration of a double cantilever electrostatic actuation configuration 
provided by the invention, without and with an applied actuation voltage, 
respectively; 

Figs. 18A-B are schematic top-down and side-view diagrams of a first 
example electrostatically-actuated plate configuration provided by the 
invention; 

Figs. 19A-B are schematic top-down and side-view diagrams of a 
second example electrostatically-actuated plate configuration provided by the 
invention; 

Fig. 20 is a plot of simulation data for maximum actuation beam 
deflection as a function of actuation gap, and for voltage at pull-in, both as a 
function of actuation gap, for various beam lengths, for a doubly-supported 
beam actuation configuration like that of Fig. IB, but with a continuous, 
rather than segmented actuation electrode, and designed to implement 
strain-stiffening of the beam as it is displaced; 

Fig. 21 is a schematic side-view diagram of an electrically- 
programmable diffraction grating provided by the invention; 

Fig. 22 is a schematic side-view diagram of a portion of one row of 
grating elements in the diffraction grating of Fig. 21; 

Figs. 23A-23K are cross-sectional diagrams of an example sequence of 
fabrication steps provided by the invention for producing the diffraction 
grating of Fig. 21; and 

Fig. 24 is a plot of simulation and experimental data for actuation 
beam deflection as a function of applied voltage, for the diffraction grating 
element of Fig. 22. 



DETAILED DESCRIPTION OF THE INVENTION 

^ fixed while the other plate is partial 
the plates, one of the p^s ^ , through the gap 

ffi echanically restrained but m ^ ^ ^ 

^ardthefixed plate. Whena ^ the pla tes. If 
th eresulting Z£ theplateareaismuchlarger 

Muging fields are neglected byassu g ^ ^ 

j than the separation distance, then the laws 

resulting electrostatic force between the pMes, F, as. 

„ A \/ 2 



r 3AVL. (1) 

F — rr ' 

! 2(g 0 -z) 
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surface area between the conducting plates and s 0 is 
wne re A is the conunon surface ^ ^ ^ ^ 

the pern— of free spac. ^ ^ ^ ^ rf the 

force is highly nonlinear, as it depends 

plate separation distance. H ooke's law can be 

Kor urost electrostatic actuator configu auou. Ho 

eropl „yed to model the mechanical elastic restoring force, F„ 
restrained, moveable plate as: 

plate structure. Expression (2) points 

lineariy depends on the plate separation , d— ^ ^ 

As.resultofthese opposing electrostaticand 

^ PO =rr; -raLueofappliedWtage 
some fraction of the full gap. 
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characteristic of the plate configuration, a bifurcation in the system dynam.cs 
occurs such that above the critical voltage, no stable plate position exists in 
the gap. This critical voltage, the pull-in voltage, V P „ is given, based on 
expressions (1) and (2) above, as: 



1 



8*»o (3) 



27<r 0 A 

Application of this pull-in voltage, V rr results in a plate separation, 
that is 2/3 of the initial gap distance. At voltages below this pull-in voltage 
as the voltage is increased from zero the moveable plate stably moves toward 
the fixed plate until the separation between the plates is 2/3 the original 
,0 separation. Then at that plate separation, the moveable plate unstably 
collapses its position to that of the fixed plate. This unstable collapse in 
position is a result of a positive feedback mechanism that is inherent m the 
electrostatic force generation mechanism. As the moveable plate moves 
closer to the fixed plate, an increasing amount of electrical charge - drawn 
,5 onto the plate to increase the electric field and maintain the potential 

difference between the plates.. This electric field increase in turn increases 
the electrostatic force between the plates, causing the moveable plate to 
continue proceeding closer to the fixed plate. To maintain stable positioning 
of the moveable plate, it is thus required to restrict its movement to no more 
20 than 1/3 of the original gap between the plates. This is true in general for 
conventional electrostatically-actuated structures; movement of the actuated 
region of the structure must be limited to no more than 1/3 of the ongmal 
actuation separation gap to maintain stable positioning of the actuated 

region. . 
25 The invention provides structural configurations for electrostatic 

actuators that enable a range of stable actuation motion beyond the 
conventional 1/3 of the original actuation separation gap. Fig. 1A is a 
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schematic side-view diagram of a first example actuation configuration 
provided by the invention. As shown in the figure, a cantilever beam 10 is 
supported by a support post 12 enabling the beam to be suspended over a 
substrate 14. In this example configuration the cantilever is electrically 

5 conducting and is set at electrical ground. A conducting electrode 16 is 
provided on the substrate under a portion of the cantilever. The substrate 
may be either electrically insulating or electrically conducting. If it is 
electrically conducting, it too is set at electrical ground, and the electrode 16 
is electrically insulated from the conducting substrate by insulating layer 17, 

10 as shown in the example structure of Fig. 1A. If the substrate is insulating, 
then there is no requirement for an insulating layer underlying the 

conducting electrode. 

The electrode 16 extends from a point at or near to the cantilever 
support 12 to an intermediate point along the cantilever length. An 
15 actuating voltage, V, 18 is applied between the cantilever 10 and the 

electrode 16. With this configuration, the cantilever is segmented into an 
actuation region 20, extending from a support region, here the support post, 
to the end of the lower electrode, and a deflection region 22 that is not 
suspended over the lower electrode and thus which shares no common area 

20 with the lower electrode. 

When the actuating voltage is applied between the cantilever and the 
lower electrode, the actuation region 20 of the cantilever is subjected to a 
downward electrostatic force, F e , as shown in the figure, tending to pull that 
region of the cantilever toward the lower electrode. As the actuation region 
moves downward, it applies leverage on the deflection region 22 of the beam. 
The deflection region then in turn bends toward the substrate under this 



25 

levering action. 



levering otuuu. 

The cantilever support 12 neighboring the actuation region acts to 
mechanically restrain the actuation region. This increases the pull-in voltage 
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and pull-in position for the beam above that of a conventional beam 
employ L electrode extending the full length of the beam. The deflection 
region, not being mechanically restrained and not being electrostat.cally 
aclted, can bend through a travel range thatis larger than the pull-in limit 
5 for the corresponding conventional beam, and that can reach the entire gap 
distance before the pull-in condition for the actuation region of the beam 
occurs, for selected design choices described below. The leverage bending 
configuration provided by the invention thereby extends the stable travel 
ran ge of the beam beyond that attainable for the corresponding conventional 
10 beam-electrode configuration, and with selected design choices, enables 
stab.e travel through the full gap before the pull-in instability condition is 
met The application of electrostatic force not to the deflection region but 
instead to the adjacent actuation region, which is provided with mechanical 
restraint by the neighboring support posts, enables this condition. 
,5 Note again that because the deflection region shares no common area 

with the lower actuating electrode, this region is not directly subjected to a 
pull-in instability condition and thus, unlike the actuation region, can be 
stably positioned at any point in the gap so long as pull-in of the actuation 
regions have not occurred. The support post design can in turn be selected to 
20 ensure that the actuation region is not deflected beyond its stable travel 
ra nge for a selected deflection region travel range. With this arrangement, 
no region of the entire cantilever beam is subject to a pull-in instability 

during actuator operation. 

Fig IB is a schematic side-view diagram of a doubly-supported beam 
25 provided by the invention for producing leveraged bending of a portion of 
the beam through a travel range that is larger than the pull-in limit 
characteristic of the corresponding conventional beam-electrode 
configuration. As shown in the figure, the beam includes two actuation 
regions 26a, 26b, neighboring corresponding beam supports 28a, 28b, 



25 
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respective*. A deflection region 30 is located between the actuation repons, 
central to the beam. Each actuation region is suspended over a 
corresponding electrically conducting electrode 32a, 32b. Assummg that 
substrate is also electrically conducting, the electrodes are electncally 
5 isolated from the substrate by an insulating layer 33 and the substrate .s set 
at electrical ground. The beam is in this example also electrically conductmg 
aud set at electrical ground. An actuating voltage V, 18 is applied between 
each conducting electrode and the beam. Only one of these conn—, to a 
first of the electrodes 32a, is shown in the figure, for clanty. 
,0 Upon application of the actuation voltage, the actuation regums 26a, 

26b are subjected to a downward electrostatic force, F, and in response tend 
to move downward toward the lower electrodes. This causes bending of the 
deflection region 30 due to leverage applied by the actuation regions on the 
deflection region. In the manner of the deflection region of the cantilever 
« beam of Fig. 1A, the deflection region here can travel beyond the pufl-m 

travel limit that is characteristic of the corresponding conventional structure 
employing an electrode extending the length of the beam because the 
deflection region is not subjected to electrostatic forces and because the 
actuation regions are mechanically reinforced by the support posts. For 
2 0 selected design choices, as discussed below, the center of the beam can be 
stably bent through the entire gap between the beam and the substrate, 
based on the characteristic shape of the beam. This enables elimination of 
the electrostatic pull-in instability across the entire beam length whfle up to 
full gap travel of the deflection region is achieved. 

In accordance with the invention, to obtain a desired travel range for 
selected actuator structure geometry and material configuration, the extent 
and position of one or more actuation regions of the actuator structure are 
prescribed. Specifically, for each actuation region there is to be determmed 
commonality in area between that actuation region and a correspond 
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and its corresponding station*^ 

! T are aofeachbutthecommonalityofareabetweenthetwo,:.e 
the specific area ot eacn, duv stationary electrode 

5 that area which is common to the actuate reg.cn and a staUona y 
5 that area w determin es the actuation charactenstics. 



eqnilibrium function for an elastic beam as 

■ ^.distance along the beam length; zW is the displacement of the 
wh ere « is the distance along ^ a 

15 du e to stress, as a fimction of beam mspl erne 

beam; F. is the electrostatic force per umt length, ^™ 
and «« is the width, or profile, of actuat.cn regions as a mnct.cn 

along beam length , ds . For the doubly-clamped beam 

This expression neglects Irmging nem 
20 of Fig. IB, the moment of inertia of the beam, J, is given as: 

..3 



wf (5) 
7 "IT 



The tensile force, S[z(x)], can be modeled as: 

[ E)(dz^ (6) 
s[z(x)] = *v<7 0 + — jl-j 
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where a 0 is the axial residual stress in the beam as-fabricated, after its 
release, L is the length of the bean, and the integral tern, takes into accoun 
the added strain-indnced stress produced by the elongation of the bean, as ft 
deflects. Egressions (4) and (6) can be solved by employing boundary 
5 conditions for the beam that correspond to the specific support structure 
selected for the beam. The examples presented below assume that the ends 
of the beam have perfectly clamped boundary conditions. 

For identical beam and actuation electrode widths, every term in 
expression (4) is proportional to the beam width. Hence the calculated design 
10 parameters for electrostatic actuation of this arrangement are independent 
beam width, provided that the beam width is relatively small compared to 
the beam length. Expression (4) can then be employed as a sufficiently 
accurate model, particularly where the beam width is much less than the 
beam length and the width is sufficiently large so that fringing fields can 
15 neglected, as is typical where the width is much greater than the initial 
separations If electrode widths smaller than the beam width are to be 
employed, or if the beam itself is not uniform in width, then the results wil 
depend on the relative widths of the various structural regions in ways that 
are readily found from numerical solution of the governing equations. 
20 With these expressions and appropriate considerations for their 

accuracy in modeling beam geometry, the profile and extent of actuation 
regions along the beam length can be determined as oM for a prespecified 
stable travel range of one or more deflection regions. Given the nonlineanty 
of the expressions, it can be preferred to solve the expressions by employing 
25 numerical methods, such as a finite-difference simulation, enab ed by 

software such as, e.g., MATLAB numerical software from MathWorks, Inc., of 
Natick, MA. When the desired travel range of the deflection region or regions 
is set equal to the full gap extent, the resulting a(x) actuation region profiles 
enable stable, full-gap leveraged bending. More specifically, the resulting 
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aW function sets the profiles and extent of actuation regions that support a 
stable deformation profile of the deflection region at all points in the gap. 
Correspondingly, if less than fu.l-gap travel is desired, the 
profiles can be numerically determined to produce a stable deformaUon 
profile of the deflection region for all points in the selected range of travel. 
Quantitative examples of this design analysis are provided below. 

The effectiveness of the leveraged bending action enabled by the 
invention is directly impacted by the nature of an actuator's mechamcal 
restoring force, including its bending characteristics. For example, for the 
doubly-supported beam of Fig. IB, the three sources of the beam's mechamcal 
restoring force - bending, residual stress, and strain-induced stress, all 
imp act leveraged bending of the beam's deflection region. These effects can 
be quantified with a model for each component of the restoring force, e.g., 
that determines the displacement, and corresponding beam strffness, 
5 resulting from application of a load to the doubly-supported beam, based on 
one of the components of interest, i.e., ignoring effects of the other force 
components. 

Considering first residual stress, it is found that the leveraged bendmg 
action of the invention is very sensitive to residual tensile stress in an 
■0 actuator beam. A beam deflection region that is characterized by high tensile 
' stress responds to applied leverage like a rubber band. When an elect— 
force is applied near to the beam supports, the central, deflection regmn of 
the beam remains flat, reducing the travel range through which the lever 
effect can bend the region. In contrast, compressive residual stress m the 
25 beam does not compete with the lever effect and thus can be accommodated. 
It is found that preferably, to maximize the effectiveness of the 
averaged bending action of the invention, a good rule of thumb is that the 
bending stiffness of the beam should be at least about twice the stiffness that 
is due to tensile residual stress. For the doubly-supported beam of F,g. IB, 
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with two symmetrically placed actuatien electrodes of equal length, L„ tins 
consideration can be modeled with the assumption that a uniform load is 
applied over the actuation regions of the beam. This results in a prescnptum 
for the allowable tensile residual stress, <r„, as: 

El 2 . (7) 



(To< 2i,(i.-f 1 ) 



where E is the elastic modulus of the beam, t is the thickness of the beam, U 
is the length of each actuation region, and L is the beam length. Tins 
expression indicates that thicker, shorter beams and shorter actuat.cn 
regions tend to increase the level of tensile residual stress that can be 
10 tolerated while enabling leveraged bending action of a central beam 
deflection region. 

Fig 2 is a plot produced by a finite difference simulation of deflecfaon 
of a doubly-supported beam as a function of distance along the beam for 
various levels of tensile residual stress, for zero residual stress, and for 
15 compressive residual stress, all for a polysilicon beam of 2 pm in thickness, 
400 pm in length, suspended by 2 urn over separated actuation electrodes 
each of length 80 pm. The plot highlights the condition that the maximum 
stable travel distance that can be achieved for the central beam deflectron 
region decreases with increasing tensile residual stress. 
20 The preceding expressions can also be employed to produce a 

prescription for allowable strain-induced stress in an electrostatically- 
actuated structure for which leveraged bending is to be carried out. 
Assuming a maximum strain to determine strain-induced stress, it .s found 
that the factors governing a condition where leveraged bending is not 
25 significantly affected by strain-induced stress can be prescribed as: 

t 16VL-Z,) (8) 
— > -m • 

«0 
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leveraged bending. 

It is to be recognized that this analysis of conditions opposing the 
ieveraged tending effect are preferably employed in concert with a design 
process that enables specification of actnation region geometry based on the 
xpression (4) given above. In an exampie of snch a design process for 
^-supported bean,, it is preferred to a priori - 
10 range of the deflection region of the beam. The beam thickness and the 

the specifications of the process employed to fabricate the 
preferably are considered to provide the desired travel range and to address 
m echanical restoring force and voltage level conditions, respec rively 
,5 Specifically, the fabricated gap shonld obviously be at least as large as the 
d siredtravelrange. ^^^^^^^ 

actuated at voltage levels that are reasonable for a given application. The 
beam length is preferably selected based on fabrication considerations, given 

beam T olr to estimate the voltage range required to achieve desired 

ra nge of actuation travel, one can express a relationship between the 

range oi ac . , ot th . center 0 f the beam, assuming 

maximum displacement, z to be produced at the center 

25 a symmetrically-actuated beam and a uniform distributed force, „ as: 

q - c i ^2 *■ 2 £j* l 
where C„ C„ and C„ are numerical constants whose values are readily 
obtained from numerical solution of expression (4). The first term of 
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expression (9, describes the stiffness ef the beam dne to residnal stress, the 
second term describes the stiffness of the beam dne to bending as * - 
lated, and the third term describes the stiffness that is added to thebeam 
as it bends, dne to strain-indnced stress. The ratio «U can then be 
5 nnderstood as an effective spring constant for the strnctnre, w hl ch - 
nonlinear, being dependent on the maximnm displacement,,. 

Substitntion of the effective spring constant, «U. into expressmn (3) 
prescribes an estimate of the puU-in voltage for a conventional structure m 
which the actnation electrodes are disposed beneath the entire beam As 

invention is larger than the pnll-in voltage for a correspond conventual 
strnctnre, and depends in detail on the actnation electrode length. 
Specifically, the pnll-in voltage of the leveraged bending strnctnre of the 
invention generally increases as the actnation electrodes are made shorter. 
15 The pull-in voltage estimate that can be obtained from expressmn (3) for a 
conventional fnll-electrode strnctnre is useful, however, for comparing the 
range of voltages that would be required to actuate beam designs of varymg 
geometry. !n addition, the pnll-in voltage for a conventional struc ure that s 
prescribed by expression (3), corresponds toaminimnm pull-in voltage fora 
20 corresponding leveraged bending actuation structure of the invent^ and 
ca n be used to estimate the larger pull-in voltage to be expected for the 
leverage bending structure. 

With selections for gap height, beam thickness, and beam length, the 
actuation region length, L, can be selected from evaluation of expression (4). 
25 Fig 3 is a plot produced by a finite-difference simulation illustratmg the 
tradeoff between actuation voltage and stable deflection region trave range 
far various actuation region lengths. This simulation assumes a doubly- 
snpported polysilicon beam geometry where the beam tluckness » 2 ,m, 
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beam length is 400 pm, and the gap is 2 pm. Two different stress levels, 
namely zere stress and cempressive stress ef -10 MPa, are assnmed. 

The pletted curves that extend from the upper left to the lower nght of 
the plot indicate the pull-in voltage of the leveraged bending structure as 
5 given on the left axis of the plot, namely, thatvoltage which produces the 
m aximum stable travel of the beam deflection region of the structure. It » 
evident that the pull-in voltage is reduced for larger actuation region lengths. 
The plotted curves that extend from the lower left to the upper right of the 
plot indicate the maximum extent of stable deflection region travel at the 
,0 occurrence of pull-in, as given on the right axis of plot. It is seen that shorter 
actuation lengths allow greater stable travel of the deflection reg>on. 

For this example, an actuation length of about 80 pm and a 
compressive residual beam stress of about -10 MPa is found to enable full- 
range travel through the 2 pm gap while minimizing required actuation 
IS voltage. The full-gap actuation requires an applied voltage of about 108 V, 
which is about 6.1 times higher than the pull-in voltage of an electrostatac 
actuator not employing leveraged bending action. It is to be recogmzed, 
however, that the ratio of full-gap leveraged bending voltage to full-gap pull- 
in voltage varies significantly based on specific geometric actuator features. 
20 Fig 4 presents plotted simulation results for beam deflection as a 

function of applied actuation voltage for the beam parameters specified JU st 
above and further presents experimentally measured beam deflection as a 
function of applied actuation voltage for a polysilicon beam fabricated to the 
given beam specifications, with a beam width of 12 pm. For these 
25 measurements, beam thickness and deflection region position were 

experimentally determined using a WYKO interferometric profilometer. It 
was found that at least about 1.75 pm of travel out of the 2 pm gap was 
achieved for the fabricated structure. The small discrepancy between the 
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simula tion ana measured data may be due to un.nod eled .omplum £ Z 
beam support posts. Aside from this small discrepancy, >t » fonnd tha the 
Elated and mealed data agree well, indicatin g that the example des Ig n 
process specified above is a valid one. 

5 Fig . 5 is a plot of simnlated data produced to demonstrate the 

d ependenceofactuationvolta g eon g aphei g htforbeamso fl pm,,5pn,2 

Z andSpmin thickness. For each g a P size, an actuation regunlength was 
ei ; c tedthatwouldcorrespondtoa2,mstable travel ran g e for thebeam 
Section region. Kor all simulated data, a beam length of 500 pm and zero 
10 residual stress were assumed. 

As indicted by the plotted data, for smaller gap he.ghts, sh rter 
actuation regions are necessary to achieve the desired 2 pm travel range, and 
*. necessitates correspondingly larger actuation voltage. For smaller 

dl scussed above. For the smaller beam ^^f^^ 

aominant, and the leveraged bending effect is sharply 

wh ich this con dl tion occurs correspondsin the plot to tha pomtwher a 

tbinner — "-^^tZ^JL. 

with a 2 pm gap employing leveraged bendmg. Thrcker 

employ the leveraged bending action to achieve a 2 pm travel distance 

through a2[im gap. 

The invention contemplates a wide range of structural adaptations to 

req uirements. For example, referring to Fig. 6A, there „ shown a top-down 
ematic diagram of a doublysupported electrostatically-actuated beam 
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having a profile that varies as a function of length; this configuration enables 
an increase in effectiveness of leveraged bending action in combination With a 
decrease in required actuation voltage. As shown in the figure, the beam 
includes two support posts 42a, 42b, each of which neighbor a corresponding 
5 actuation region 44a, 44b, respectively, each of a common length, L r 
Conducting electrodes, also of length t„ are located under each actuation 
region. 

A central deflection region 46 is provided with a varying profile; at its 
ends the deflection region is of a first width, w v while at its center, the 
10 deflection region is of a second, more narrow width, w r Each end of the beam 
thereby provides a wider-profile region of length L, that includes an entire 
actuation region and a portion of the deflection region. By providing the 
deflection region with end portions that have a wider, more stiff profile, 
leveraged bending of the deflection region is enhanced. The narrow, more 
15 compliant central portion of the deflection region acts both to lower the 
required actuation voltage and to increase the beam travel range due to the 
leveraged bending effect. The invention contemplates that this stiffness 
profile tailoring can be achieved by adjustment of other beam parameters; 
e.g., tailoring of beam thickness in the beam deflection region. 
20 ' Fig. 7 is a plot of data produced by a simulation for determining the 
impact of the length of the stiff section of the beam of Fig. 6A on the beam 
performance. This data assumes a beam length, L, of 500 pm, a gap of 2 pm, 
and zero residual stress in the beam. The actuation region length, L„ is set 
at 100 \im. 

25 As pointed out in the plot, for wide-profile lengths less than 100 ^m, an 

increase in the wide-profile length at first produces an increase in overall 
beam stiffness, but then compensates for this increase with an increased 
actuation force. At wide-profile lengths greater than 100 ^ the stiffness of 
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the beam, combined with the compliance in the center of the beam deflection 
region, increases the effect of the ieveraged bending action. A wme-profile 
len gth of about 150 m enables leveraged bending through the entne 2 ,m 
gap with an applied voltage of about 69 V. This compares with a voltage of 
5 about 137 V required to achieve the same full-gap leveraged bendmg for a 
corresponding doubly-supported beam with a uniform profile. This example 
iUustrates that the leveraged bending action provided by the invention can be 
adapted to meet various design and operational cntena. 

This also illustrates that the leveraged bending action provmed by the 
10 invention can be incorporated into a wide range of electrostaticafly-actuated 
structures. For example, the features employed for producing electros at* 
actuation can be provided in any convenient configuration. The actua tad 
structure can be uniformly conducting, like the structures of Figs. 1A-1B, 
with actuation electrodes located below the structure on an electncally 
IS insulated substrate, or the substrate can be uniformly conducting, here the 
structure being provided as segmented electrically conducting regions on a„ 
electrically insulating structure. Alternatively, both the structure and the 
substrata can be electrically insulating, with conductors provided on each at 
the appropriate locations corresponding to the structure's actuation regmns. 
20 For many applications, it can be preferred to include topology on the 

,„wer face of the deflection region to inhibit stiction of the deflection regmn to 
a lower substrata when the deflection region travels through the complete 
gap to contact the substrata. Topology can further be included on the upper 
face of the entire structure, as-desired for a given applicat.on, and 
25 perforations or other geometric features can be included along the structure. 
As demonstrated Just above, the structure width and/or thickness can vary 
along its length, and can be tailored for communicating with external 
mechanisms. 
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Thus, the leveraged bending action of the invention can be 
incorporated into the operation of cantilever beams, doubly-supported or 
multiply-supported beams, plates, diaphragms, or other suspended structure. 
For example, referring to Fig. 6B, there is shown a schematic cross-sectmnal 
diagram of a configuration 25 in which a conducting plate 27 is supported 
over an insulated substrate 14 by a central support post 29. An actuatmn 
electrode 31 is provided neighboring the support post; the electrode can be 
provided with an annular geometry that encircles the post, or can be proved 
as discrete segmented electrodes. The plate and its post can be rectangular, 
circular, or take on other geometry. With this configuration, the outer 
periphery of the plate 27 is a continuous deflection region that is displaced 
due to electrostatic force between the inner region of the plate and the 
electrodes 31. 

In an alternative variation 31 of this configuration, as shown in the 
schematic cross sectional diagram of Fig. 6C, a conducting plate 33 ,s 
suspended over an insulated substrate 14 by a support region 35 that extends 
at least partially around the periphery of the plate 33. An actuatmg 
electrode 37 is located on the substrate neighboring the support regum. As- 
above, the plate can take on any selected geometry, e.g., rectangular or 
20 circular, and the actuating electrode can bo continuous or can be segmented 
around the periphery. With this configuration, the central region of the plate 
is a deflection region that can be displace due to electrostatic force between 
the periphery of the plate and the actuation electrode. 

It is to be noted that the leveraged bending action of the invent™ can 
25 be employed to displace the deflection region of a structure over a range 
extending beyond the gap defined between an actuation region and an 
actuation electrode. An example structure that implements tins 
configuration is shown in the schematic side-view diagram of Fig. 6D. Here a 
cantilever beam 10 is supported by a support post 12 over an insulated 
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substrate 14. Commonality in area between the beam and an actuate 
eiectrode 16 defines an actuation region 20 of the beam. A deflection reg.cn 
22 of the beam extends from the actuation region to the end of the beam. The 
substrate 14 does not, however, extend to the end of the beam; instead an 
end portion of the deflection region overhangs the substrate and thereby can 
deflect beyond the substrate. Accordingly, the displacement range of the 
deflection region can be larger than the gap defined between the beam and 

the actuation electrode. 

In further alternatives contemplated by the invention, leveraged 
Wing action can also be incorporated into the operation of laterally- 
actuated structures or other actuation gap orientations. No particular 
displacement orientation of the deflection region is required. No particular 
fabrication process is required by the invention to produce the structures; all 
that is required is the ability to produce a structure at least a portion of 
5 which is moveable in some manner to define a gap through which a deflect™ 
region of the moveable portion of the structure can be deflected by 
electrostatically-actuated leveraged bending. The support region can consist 
of a post, extension, or other suitable structure, and multiple support regions 
can be included. Similarly, multiple actuation and deflection regions can be 
20 included as-desired. The actuation region or regions need not be immediately 
adjacent to support regions; they must, however, be sufficiently close to the 
support regions such that mechanical support is provided to the actuation 
regions. 

Referring to Figs. 8A-8B, the invention provides a further actuation 
25 structure 50, shown here in a schematic side-view diagram, that is 

particularly well-suited for implementing leveraged bending action, and that 
in addition enables maintenance of planarity of a horizontal surface as the 
surface is stably displaced. For clarity of discussion, the structure will first 
be described with a configuration that does not implement leveraged bending. 
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As shown in the figure, there is provided on a snbstrate H two 
actuating beams 52, 54, each of a common length, L, and each of a common 
thickness,,. Thetwoactuatingbeamsareofanelectricallyconductmg 
atonal and define central, conducting actuation regions that are supported 
over the substrate by outer actuation support regions, here proved as 
support posts 56a, 56b, 56c. The central support post, 56a, is shared by the 
Jo beams, but such is not required by the invention. With this support, an 
actuating gap, U is defined between the actuating beams and the substrate • 
An upper, auxiliary beam 58, including one or more layers 60a, 60b, of 
selected material that can be electrically conducting or insulating as-des.red, 
is provided to define a central deflection region that is supported over he 
actuating beams 52, 54 by auxiliary support regions, here posts 6 a, 61b 
The auxiliary beam 56 is of a total selected thickness, t v and of a length L, 
equal to the actuation beams' lengths. The auxiliary beam is suspended over 
5 t heactuatingbeamsbyanauxiliarygap,,,Notethatwiththisactuator 

configuration, the actuating beams' materials, lengths, thicknesses, supports, 
and lower actuating gap can be specified distinctly from the matenal, length, 
thickness, supports, and gap of the auxiliary beam. As a result, as explamed 
in detail below, the operational characteristics of the actuator can be finely 

20 controlled. ._, , 

A continuous, electrically conducting dectrode layer 59 » provmed on 

the surface of the substrate 14, isolated from the substrate by an insulatmg 

!ayer 63. The actuating beam supports each can include an insulatmg 

support base 68a, 68b, 68c, to electrically isolate the supports from the 

25 continuous electrically conducting layer 61 if the supports are formed of an 

electrically conducting material. If the actuating beam supports are formed 

of an insulating, rather than conducting material, such is not reqmred. 

Referring to Fig. 8B, when in the manner of Fig. IB an actuating 

voltage, V, is applied between the actuating beams and the contmuous 
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auxiliary beam 58 comes to re 

^statical* — • - thC t SU Once a — 

beammovedownwardmunisononthea— £ ^ _ „ 

— - au r r::— , d — - 

region coming to rest on the actual displaced 
downward and causes the auxiliary therefore 
provided by *. —re, a first ^ and . 
20 second operational regime m wmch the auxma y 

aCtUa rie S e two operate regimes, it can he preferred, in aeoordanoe 

■ i to exploit the plananty it enables, wn 

^ si as optioai applications and others discussed 

below, ,t can then he pre 9A . 9B provide sche matic side-view 

pla „ar surface to he moved. Ftgs. 9A P ^ 
diagrams of a corresponding example configure l n _ ^ ^ 

beam 58 is repeated with adjacent beams 70, 72 and so o 
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auxiliary beams all supported atop a oorresponding row of actuation beams. 
With actuating electrode configuration and operation like that of the 
structure of Fig. 8B, deflection of the row of lower actuation beams results m 
planar movement of the row of upper auxiliary beams during the first 
operational regime characteristic of the structure. As discussed below, tins 
arrangement for providing planar motion can be extended to a wide range of 
electrostatically actuated structures. 

Equally importantly, the actuator structures of Figs. 8A-9B enable the 
specification of their various geometric features to achieve a desired 
deflection travel range with a corresponding actuation voltage that * lower 
than that required for the same travel range for a single beam configurate 
like that of Fig. IB. In addition, these actuator structures enable the 
specification of their various geometric features to ensure that electrostaric 
pull-in of the structures is mechanically inhibited by the upper auxrhary 
beam for a corresponding operational actuation voltage range. Each of these 
capabilities, and corresponding design considerations, will be discussed m 
turn. 

Referring to Fig. 10A, there is provided a plot of simulate data for 
the size of the actuation gap as a function of actuation voltage applied to the 
actuation beams of the actuator configuration of Figs. 9A-9B. This plot is 
based on an initial actuation gap, g a , of 4.5 urn, an actuation beam thickness, 
t„ of 1 Mm, an auxiliary beam thickness, t v of 4.5 urn, and an auxiliary gap, 
g of 2 pm, for polycrystalline silicon beams and support posts. This 
geometric specification is selected based on an actuation voltage operational 

5 range of 0-80 V. 

As shown in the plot, as the actuation voltage is mcreased from 0 V 
about 55 V, the lower, actuation beam deflects about 2 urn; during tms t.me 
the upper, auxiliary beam passively and with mil planarity rides downward 
on the actuation beam by way of its supports. At about 55 V, the auxiliary 
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beam comes to rest on the actuation beam support due to the displacement of 
the actuation beam by an amount equal to the auxiliary gap. Then as the 
actuation voltage is increased, the auxiliary-actuation beam combination 
deflects in a manner characteristic of the various materials and geometric 
properties of the combination beam. 

Note from the plot that the reduced slope in the region greater than 
about 55 V indicates that the combination beam does not deflect as readily as 
the actuation beam alone. This is a result of the increased stiffness of the 
combination beam relative to the actuation beam alone. The combination 
beam thereby is found to exhibit a characteristically larger mechanical 
restoring force, and correspondingly higher effective spring constant, than 
the actuation beam alone. This larger restoring force in turn increases the 
voltage required to electrostatically pull-in the combination beam over that 
required to electrostatically pull-in the actuation beam alone. 

The second operational regime thereby is found to provide a 
controllable margin of safety to ensure that pull-in of the combination beam, 
i.e., mechanical touch down of the combination beam to the actuation 
electrodes, does not occur. For the example configuration on which the plot of 
Fig. 10A is based, electrostatic pull-in is found to occur for an actuation 
voltage of about 90 V. This is about 10 V over the specified operational range 
of the actuation voltage for the example stated above. The example 
configuration thereby provides a 10 V safety margin over the operational 
voltage range, and ensures that deflection of the combination beam through 
the entire gap to contact the lower conducting layer is prohibited. For 
applications where the region of the substrate under the actuation beam is 
electrically conducting, as in Figs. 8A-9B, this can be a preferred condition to 
ensure that shorting of the actuation circuit is precluded. It can also be 
required for applications where touch down of actuation beams to the 
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substrate must be prevented to avoid in-use stiction, or adhesion, of the 

beams to the substrate. 

Fig 10B provides a plot of both simulation and experimental data of 
actuation beam displacement as a function of voltage to further highUght the 
5 two operational regimes provided by the actuation structure of the invent™. 
This data is based on a beam length of 400 pm, a beam width of 12 pm, a 
2 pm beam thickness, an actuation gap of 2 pm and an auxiliary gap of 
0 75 pm The simulation data was produced for an actuation beam alone, i.e., 
with no upper auxiliary beam, while the experimental data was produced for 
10 a double beam structure like that of Fig. 9A. 

As indicated by the plot, as the voltage is increased from zero to about 
55 V the single beam and multiple-beam structures are displaced equally; 
this denotes the first operational regime. Than at about 55 V, when the 
auxiliary beam has been moved downward sufficiently to come to rest on the 
15 actuation beam of the multiple beam structure, the simulation and 

experimental results diverge. Voltages above this level are in the second 
operational regime. Here the multiple beam displacement is substanhally 
less than the single beam displacement for the same applied voltage, due to 
the larger mechanical restoring force of the auxiliary-actuation beam 
20 combination. The second operational regime of the auxiliary-actuation beam 
combination is thereby found to enable extension of a stable travel range 
beyond that provided by a single beam. 

In accordance with the invention, the actuation and auxiliary gaps and 
beam geometries are chosen to produce a selected stable travel range for the 
25 first operational regime of the structure, for an actuation voltage range 
specified for a given application, to enable planarity of the auxiliary beam 
deflection region as it is moved. The geometries are further chosen to prov ld e 
a selected pull-in safety margin provided by the second operational regime of 
the structure. It is also to be noted that while planarity of the auxiliary beam 



31 





is not stained in the second ope,— regime, controllable p— , 
of the combined bean, can be carried out in this regime, as n—d by the 
2 o the plot of Fig. XOB, and can be employed for actuation appl— 
1 invent! therefore is not hunted to operation of the structure on y „ *. 
, L, stable operation, regime, and contemplates design of t e structure to 
exploit the auxiliary and actuation bean, bending that „ produced, the 

second operational regime. 

The design process of the structure can be carried out by specifying a 
desired travei range for the first operation, regime and then iteratrvely 
10 justing the geometric parameters of the structure to achieve an op*mum 
c „ figurationforaseiectedactuationvoitagerange. fnanexamp leof«ns 

LhanicaHorcsontheactuationbeamasitis actuated. ^» 
distributed pressure ioad applied to the actuation beam, and the force of 
, 5 alary beam connection to the actuation beam, when the angary beam 
comes to rest on the actuation beam, is modeled as a point pressure load 
lonthesupportpostconnectionoftheamdharyheamtotheactuauon 



beam. 



The distributed pressure load, on the actuation beam is then given 
20 as: 

the actuation beam material, «. is the thickness of the actuation beam L ,s 
t he length of the actuation and auxiliary beams, and * is the downward 
25 distance the actuation beam is deflected at its longitudinal center pomt. The 
intpressureload.P.oftheauxiliarybeamontheactuationbeam^ven 



as: 
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P -^^.(,-^4^- (z -- )+ ^- (z " gJ;( ; l) 

the act ation and auxiliary beams, and g , is tho initial — ^ 

• f „„ p nf the actuator structure is 
The total mechanical restoring force, F m , ot the acxu 

5 then given as: (12 a) 

p =q-Lw, z<8v 

ml * 

for the first operational regime, before the auxiliary bean, conres to rest on 

the actuation beam, and is given as 

F =q-Lw+P, z>g{, U 

■ ^ ■ o afW the auxiliary beam is resting on the 
1 n fnr the second operational regime, alter the auxin* y 

force, F, on the actuation beam, which can be estimated as: 

f.t»-V. (13) 

To determine the deflection of the structure as a functmn of appb d 
vol tage, the mechanical restoring force, F„, is set e,ual to the electrostafic 
force, F„ to indicate the applied actuation voltage, V, is a funct.cn of 
deflection, z, as: 



V - 

20 V ] 



ikni.F -; .<« (14a) 



1 



ik^I.F.,; (14W 
e -w-L 



These expressions for the deflection travel produced by an applied 
a^rvoltagecanbeemployed^y.censiderationsforthegeometnc 
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parameters of the structure. For example, the plots of Figs. 11A-11F present 
the actuation gap, i.e., the distance between the lowest point of the actuation 
beam and the lower conducting electrode, as a function of actuation voltage 
as the thickness of the auxiliary beam is increased from 2 um to 7 urn in 1 urn 
5 increments, for an actuation beam thickness of 1.5 um, an initial actuation 
gap of 4.5 um, and an auxiliary beam thickness of 2 um. Both beams and all 
beam supports are specified to be formed of polycrystalline silicon, with a 
beam width of 10 um and a beam length of 400 pm. The plots highlight that 
as the upper, auxiliary beam is made thicker, the stiffness of the combined 
10 auxiliary-actuation beam increases, such that the amount of deflection of the 
combined beam produced for a given actuation voltage decreases as the 
auxiliary beam thickness is increased. This results in an increase in the 
actuation voltage that will produce full gap travel of the combined structure, 
and can provide an increased safety factor. 
15 The plots of Figs. 12A-12F present the actuation gap as a function of 

actuation voltage as the initial auxiliary beam gap is increased from 1.5 um 
to 2.0 um in 0.1 um increments, for an actuation beam thickness of 1.5 um, an 
initial actuation gap of 4.5 um, an auxiliary beam thickness of 4 um, and 
length, width, and material parameters as given above. These plots highlight 
20 that as the initial auxiliary gap is increased, the stable travel range of the 
actuation beam before the auxiliary beam come to rest on the actuation beam 
correspondingly increases. This further validates that the stable travel range 
of the actuation beam can be specified by the initial auxiliary beam gap. 
The plots of Figs. 13A-13F present actuation gap as a function of 
25 actuation voltage as the thickness of the actuating beam is increased from 1 
um to 2.0 um in 0.2 pm increments, for an initial actuation gap of 4.5 um, an 
auxiliary beam thickness of 4 pm, an initial auxiliary gap of 2 pm, and 
length, width, and material parameters as given above. These plots highlight 
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array of cantilever beams 92, 94, 96, 98, each suspended over a substrate 14. 
The substrate is provided with an insulating layer 100 underlying conducing 
actuation electrodes 102, 104, 106, 108, that each neighbor a cantilever 
support post 110, 112, 114, 116. It is to be recognized that the segmented 
actuation electrodes provided in this example as an implementation of 
leveraged bending are not required; if leveraged bending is not to be 
implemented, a continuous actuation electrode can be employed. Auxiliary 
support posts 118, 120, 122, 124 separate an auxiliary beam 126 from the 
actuation cantilever beams 92, 94, 96, 98. 

As shown in Fig. 17B, when an actuation voltage is applied between 
the cantilever beams and the actuation electrodes, in the manner of the 
cantilever arrangement of Fig. 1A, the deflection regions of the cantilevers 
are deflected downward toward the substrate. This is due to the leveraged 
bending action applied by the actuation regions on the deflection regions of 
the cantilevers. Once the deflection region of the cantilevers has moved 
downward by a distance equal to the initial gap between the upper beam 126 
and the cantilevers, the upper beam comes to rest on the cantilevers. Prior to 
this condition, planarity of the upper beam is maintained as its support posts 
move downward in unison on the cantilever deflection regions. This 
cantilever arrangement for the multiple-beam structure of the invention can 
be configured with continuous, rather than segmented actuation electrodes, ,f 
leveraged bending conditions are not desired.A further multiple-beam 
actuation structure provided by the invention is shown in the schemata top- 
down diagram of Fig. 18A and the corresponding side-view diagram of Fig. 
18B. Here a discrete actuator 130 is provided, with an upper, auxiliary plate 
region 132. At the edges of the plate, underlying the plate, are provided 
actuation beams 134, 136, 138, 140. The plate is connected to the underlying 
actuation beams by corresponding support posts 142, 144, 146, 148. 
Actuation electrodes 150, 152 are provided on the substrate, overlaying an 
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that as the actuation beam thickness is increased, the voltage required to 
produce the same stable travel range increases, and the safety margm 
provided by the combined beam structure decreases. 

? The! matrix analysis plots are provided as examples of the geometnc 
5 considerations and design trade-offs that can be made in selecting the 

geometry of the actuation structures of Figs. 8A-9B. Further considerations 
include the desired actuation speed of the structure, the inertia of the 
structure, which can effect operational speed, the resonant frequency of 
structure, and other such operational considerations. An additional 
10 consideration is required for the geometry of the support posts of the beam, 
F „r some applications, such as optics, it is preferred that the support 
between the actuation beams and upper auxiliary beams be small so as to 
minimize disturbance of smoothness of any optical layers proved on the 
auxiliary beam. It is to be recognized, however, that this considerate - to 
be balanced against a need to maintain mechanical integrity of the support 
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posts. 



The invention contemplates adaptations of the example structures of 
Fi g S 8A-9B to include a plurality of auxiliary beams that operate in concert 
t„ provide a mechanical margin of safety against electrostatic pull-m of a 

20 ioweractuationbeam. "P-^^-^^jT^ 

j 4. Q i.- nn Hpre lower actuation beams bZ, 04, are 
of operation of such an adaptation. Here, lower a 

supported over a substrate 14 that provides a continue « .conducting ^on 
61 under each actuation beam. A first level of auxiliary beams 58, 70, 72 
provided atop the actuation beams, supported by corresponding support posts 

atop the first level of auxiliary beams, supported by corresponding support 

posts 86a, 86b. . 

This arrangement provides for separate and distinct specification of an 

initial actuation gap, and two initial auxiliary gaps, ,„ 8r The thickness, 
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t of the actuation beam, the thickness, ,„ of the first auxihary bean, level, 
1 the thickness, «. of the second auxiliary beam level, similarly can be 
distinctly specified. This enables a hi g h degree of tuning of the operate! 
parameters of the structure to achieve a desired stable travel range. 
5 As shown in Fig. 14B, the actuation beams can be stably 

ecstatically deflected downward by a distance equal to the first — y 
"mgap,,,beforethecentra,,deflectionre g ionofthefirstleve 1 ofau,hary 

beams 58, 70, 72, come to rest on the actuation beams. Then, as shown 
ng HC, the actuation beams can be stably deflected a further stance, 

,0 equal to the second auxiliary beam gap, g„ before the central, deflect™ 
^onofthesecondieve! of auxiliary beams 80,82, 84 come to rest onthe 

Jet auxiliary beams. During these two operational regimes, p anant y o he 
deflection region of the second level of auxiliary beams is mamtamed. Once 
the deflection region of the second level of auxiliary beams comes to rest 
15 the first level of auxiliary beams, further downward deflection of the 

actuation beam results in bending of the deflection regions of he first and 
secondlevels of auxiliary beams over the corresponding underlymg support 

P<>StS ' The configuration of Figs. 14A-C is found to introduce a second 
20 operational regime in which stable, planar travel of a deflection region of a 
top-most beam level is accomplished. The invention contemplates the 
extension of this arrangement to any number of auxiliary ^ ^ 
are reasonable for a given application and fabrication process. In general, 
a number, n, of auxfliary beam levels, there are a corresponding number, „, 
25 of operational regimes though which the actuation beams can be stably 

deflected and through which planarity of the deflection region of a top-most 
auxiliary beam level can be maintained. The total stable deflects travel 
range of the actuation beams through the n stable operational regimes „ the 
sum of the auxiliary beam level gaps, i.e., g, + g % +•■ •+ g.- 
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i„ designing the multiple-beam structure of Figs. 14A-UC the 
actuation gap is set to accommodate the total stahle travel range des.red, an 
Tsunr of the auxiliary beam level gaps is set at the total stable travel range 

beams can then be defined based on considerations discussed above, 
messes and initial gaps of further auxiliary beam levels are hen 
determined based on modifications of the expressions presence 
into account the impact of auxiliary beams now restmg on the actuatmg 
tm Specifically, the model of the application of a point load to —on 
Jeams must be augmented to include contributions from all sets of auxflmry 

beams. 

Whatever number of auxiliary beams is employed, for many 
applications, the geometric parameters of the multiple-beam actua.on 
slturesofthe invention are best specified primarily based on a de,red the 
U table travel range through which planarity of the auxiliary beam or earns - 

nmintained. A-^^^^^^T*^ 
initial auxiliary beam gap, and sets the actuation beam gap, based also 
2 design of the actuation beam, as discussed in more detail below. As can 
nied, there is a certain amount of flexibility, both in the actuatmn 
beam design and the design of the auxiliary beam or beams, that can 
accommodated to achieve the desired stable travel range. !n accordance w*h 
the invention, this flexibility can he exploited in the design of the actuate 
heam geometry to enhance the stable travel range of the structure 

In particular, the leveraged bending actuation techmque of the 

mention -l"!-^^*--^^!^ 
the stable travel range of the actuation beam and thereby mcrease the travel 
Igeduringwhichplanarity of an auxiliary beam or beams ■smamtamed. 

Zonside ations described earlier relating to the leveraged bendmg actmn 
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leveraged bending in this manner. 

subs trate, neighbormg the actuation beam support posts 68a, 6^ An 
bating layer or layers 66 are provided on the subrtrate o e ec ™a„ y 
isol ate the actuating electrodes from the substrate. The extent of the 

10 n tionbeams.inthen.nnerpreviousivdescribed. TheseparaW 
actuating electrodes thereby replace the continuous conductmg layer 1 of 
the arrangement shown in Figs. 8A-8B. 

Referring also to Figs. 16A-16B, the auxiliary and actuatmn bean, can 
be duplicated in rows to provide, in the manner of Figs. 9A-9B lin^r arrays 

actuating electrodes 62a, 62b, 64a, 64b. The auxiliary beanos here are 
si^larlyprovidedasalineararrayofbea.nstobedeflected. 

With this configuration, the initial actuation beam gap, ,„ and 
actuation beam thickness, t 0 , are selected based on leveraged bendmg 
20 rsiderationsandsdectedactuatingelectrodelengths. The amuhary gap, g, 
isS ete q ua,tostab,eartuationbeamdefiectionprovidedbytheleveraged 

bending action, and based on operational voltage considerations ^ 
auxiliary beam thickness and the length of all of the beams » sel cte^d based 
^e considerations presented above. With this design, the muUrple-beam 
25 configuration of the invention enables an actuator that explore 

advalges of the leveraged bending action of the invention wlule at the 
same time providing a planar moving surface. 

Referring to Figs. 17A-17B, in a further adaptation of a mulfple- earn 
averaged bending actuator provided by the invention, there is shown a hnear 
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i^^fWorc 17A-B a continuous 
insulating layer 154. As with the example of Figs. 17 A a. 

defined by the gap between the upper plate and the — - 
Although this example configuration incorporate, leveraged bendmg of the 
"n beams, such is not « retired; a continuous lower conducing 
laver can alternatively be employed. 
. . 10 Figs. 19A-B provide schematic top-down and side-view magrams of a 

5 variati „nofthiss t ructure,herewithadiscrete P latel60connectedto 

F auxiliary beams 153, 155, 157, 159, peripheral to the plate edge by 

auxiliary u Each auxiliary 

corresponding support post extensions 161, 163, 165, lb/ 

♦«1 to a corresponding lower actuation beam 162, lb4, 
beam is in turn connected to a corresponu g ?q lgl 

15 16 6,168,byasupportpost 1 V0, 1 72,m,17, Actuatmn electrode 179, 
are provided on the substrate below the actuation beams. As with the 

provided if leveraged bending is not to be implemented. Wuh tins 
arrangement, application of a common actuation voltage between each 

vertical displacement of the pla te; when the aetuatmn earns hav b^ 
displ aced downward by an amount eo.ua! to the gap between the auxfimry 
and actuation beam, the resulting combination beam structure enab 
additional stable displacement beyond that available to a conventmna! smgle 
25 beam configuration. Additionally, the application of differmg actuatoon 

ZlstolactnationelectrodescanbeemployedforenablingtUtasweU 

heam actuation structure of the invention. For any selected adaption, 



hi 

m 



h 

Q 



40 




actuation beam of the — is preferably designed to maximize stable 
travel range to meet the needs of a given application. 

effect that is inherently cansed by strain in the beam related to the 
Ration, or stretching, of the beam as it is deflected. More special , in 
1 danc with the invention, the actuation beam is designed such that as it 
lets, the tensile stress in the beam increases due 

.-cc n \,inh i« a form of geometric nonlineanty, tenas to 
1 n This increase in stiffness, which is a lorm 01 g 

and thus extends the stable travel range of the actuation beaim In «ta 
WO rds, for an actuation beam designed to exploit the strain-stiffening ffect, 
the pull-in voltage and corresponding stable travel range of the beam 
IS increased beyond that for a corresponding conventional beam. 

a beam that is thin relative to the extent of the actuation gap. A specific 
20 thebeam. 

dominated by bending, then a cosine beam shape can be preferred 
model, whereby the pressure load, q, is given as: 



z + 



I? 



z + 



v ; 



L 4 



wh ere. 0 is the residual stress of thebeam, f „is the beam thicks, L is the 
25 b eamlength, 2 isthedefiectionofthebeamthroughtbeactuationga P ,and E 

is the Young's modulus for the beam material. 
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If it is assumed that the mechanical restoring force of the beam is 
dominated by stress, then alternatively, a parabolic beam shape can be 
preferred for the model, whereby the pressure load, q, is given as: 



'321 ( <J, h 



■<♦(? 



L 4 



z + 



256^ 



E-L 



(16) 
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The constants employed in expressions (15) and (16) are exact for the 
given beam shape assumptions. There is not a large distinction between the 
results provided by the cosine and parabolic beam shape models; the 
difference in beam deflection predicted for each of the models vanes less than 
about 5%, depending on the input parameters. The particular model 
selection is therefore not critical. 

The dimensional dependencies of the two models can be highlighted to 
express the mechanical restoring force, F„, of the beam, per beam width, as: 



spring _ 
W 



C, 



+c, 



z + 



■Z~ 



(17) 



where „ is the beam width, and C„ C„ and C s are the numerical constants to 
15 be employed from a selected one of expressions (15) and (16). 

Expression (17) highlights the components of the mechanical restoring 
force- the first term indicates the restoring force due to the residual stress in 
the beam; the second term indicates the restoring force due to bending of the 
beam, and the third term indicates the restoring force due to stretching, or 
20 strain-induced stiffening, of the beam as it is deflected. 

The residual stress and bending components of the restoring force are 
linearly dependent on the beam deflection, z, but the stretching component of 
the restoring force is dependent on cnbio displacement, *°. To maximise the 
strain-induced stiffening component of the restoring force, it is prescribed 
25 that the cubic stiffening component of the restoring force be dominant over 
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the linear terms at ma— beam deflection. Accordingly, at maximum 
deflection of the beam, it is prescribed that: 



z> 



i 



(°A f*+c -t 2 - (18) 



E 



where C. and C s are constants introduced to combine the earner constants, 

Youngs modulus, length, and thickness of the beam accordingly These 
factors are preferabiy selected based on a consideration of thereof the 
10 initialactnationgaptothebeamthickness. Specifically, m order to 

electrostatically deflect the beam in a strain-stiffened mode of operatmn th 

two and six In other words, to maximize the strain-stuTenmg effect to 
111 table travel of the beam, the actuation gap is preferably about tw.ce 
15 Ls.timesthebeamthicaness. ^^^^T 
and materials factors indicated in expression (18) can be selected to optmuze 

Perf Tor Ixampie, it is found that in general, the Young's modulus of the 
beam material does not have a significant effect on the strain-induced 

is a slightly greater percentage of the initial actuation gap. Prefer bly the 

ind uced stiffennrgwhent^ebeam^essisc.osa^them^ala^on 
25 gap value. As the actuation gap is increased to a few times larger than the 

stress levels. The residual stress is found to exert a larger effect on 
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strain-induced stiffening when the actuatien gap is between about two and 
about six times larger than the beam thickness. 

The beam length does not have a significant impact on the stram- 

5 gapvaiue. When the actuation gap is between about two and about s.x toes 
than the beam thickness, a iarger stable travel range can be obtamed 
by reductions in beam length. 

The plot of Fig. 20 highlights various of these cons.derat.ons. The data 
of Fig. 20 provides, with the left axis, the dependence of the maximum staUe 
10 deflection of an actuation beam as a percentage of actuation gap as a ftmctmn 
of actuation gap, and provides, with the right axis, the depen ence of th 
actuation voltage that produces pull-in as a function of actuat.cn gap * 
for three different beam lengths. This data assumes a polycrystalhne 

beam of a thickness of 1 Jim. . 

As shown by the plot, for a given beam length, as the actuat.cn gap , 
increased, the percentage of gap travel is increased. An actuation gap of 
Z " pm is Ld to enable beam defiection of about 33%, which , the pull- 
in location characteristic of conventional electrostatically-actuated 
structures. As the gap is increased above 1 pm, the stable gap travel 

A,p to the strain-induced stiffening effect. For a given actuataon 
20 mcreases due to the stra cor respondingly 
gap, as the beam length is decreased, the stable gap 

u i„ n <rfh the ability to increase the stable travel 
increased. For any beam length, the aoiuiy to 

range saturates at about 60% of the gap. 

Also as indicated by the plot, for a given beam length, the pull-.n 
25 voltage of the beam increases as the actuation gap is increased. But for a 

Lease, Basedon these and the above considerations for beam defiect.cn 
as a percentage of actuation gap, it is found that for larger actuat.cn gaps 
the stable travel range of the beam can he correspondingly increased, and 
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• ■ Uveitis further found that a reduction m beam 
expresses given above, and a re duced actuation 

thickness enables an increase in stable travel, an 

• -,f th. increased travel. Accordingly, increases in 

trav el while not requiring a significant increase in actuation voltage 

achieve the stable travel. ^ with the invention, the design 

With these considerations, in accordance with the 
of ^electrostatically-actuatedbeamthat exploits ~nduced— ng 

be preferred for many applications. B - b " n A beam length is 

thickness are then selected based on expression (18) above. A 
thickness are t actuation of the 

15 the n selected, based e.g., onthe ^ range . 

struc ture may then be subject to unintended 
20 the substrate during fabrication and/or operation. It is thereto P 

It the structure geometry resulting from a given design scenario be 
Elated for fabrication and operational considerations to ensure that. 
Iciently robust actuation structure results. The spring stiffening effort 
prides some degree of robustness against unintended contact, and adds 

25 merit r::inIcontem P l a tes electrostatically actuated s— 
incOT p, r ate both leveraged bending action and = — s« 
condi tions to maximize the stable travel rang of the actua 
the actuation structures shown in Figs. 1, 6, 8, 9, 14, 
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to incorporate both leveraged bendmg actum and m 
condition, Specifically, it is possible to in.plen.ent a comb— .4 
ieveraged bending and strain-induced stiffening —ns over be 
5 rarticlrrangeofactuationbeantthicknessestbataccornmodateboth 

itTn Awiderangeofappllcationsareaddressedbytheelectrostauc 
conchbons. A arrangement in 

actuation structures provided by the inven 

which a lower actuation element is stably actuated to move an upper elem 
wM maintaining parity of the upper element can be pa— well- 
10 S uited for optical applications; commonly, optical applications re q m e a 
r^rrefiLvesurfacewhoseposifionc^be—dinananalog 

prog rammable, optical diffraction grating 180, shown schemata m 

^T.n««5-spctional view in Fig. 21. 
15 I sh own in the figure, the diffraction grating 180 includes an array 

182 of a number, n, of fiat mirrors 184,184n, that are suspen ed ^ 
Istrate 186. In this example embodiment, the mirrors are electrically 

lite by an insulating layer or layers 190 and each can be md—ly 
aTssed This enables application of a distinct actuation voltage between 

. fVl p heieht of each mirror can be 

k previously With this arrangement, the neignt 01 

:;:iiiy — - -* *— — <— mg 

.nirrors, the heights of the mirrors control the optical path length of hght 
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.fleeted from the mirrors. Specifically, path of a light ray reflected from the 
grating depends on the height of that mirror from which the ray was 
lected. This effect results in a phase shift between reflected light rays, and 
1 eadstotheformationofadiffractedlightheaml94. Collection of thus 
5 diffracted light beam 194 at an angle, « corresponding to the selected mmror 
heights, enables detection and analysis of wavelength-specific optical 
information. Thus, the diffraction grating 180 functions as an electncal y- 
programmable optical filter, where the heights of the mirrors implement an 
optical diffraction transfer function. Accordingly, real time electrostatic 
10 analog positioning of the grating mirror heights enables adjustment and 
modulation of the optical transfer function of the grating. 

These capabilities of the diffraction grating of the invention are 
particularly well-suited for use in an electrostatically programmable 
poiychromator system as contemplated by the invention. In general, m a 
, 5 polychromator system, for an array of diffraction grating mirrors of a given 
periodicity and of given mirror heights, a polychromatic light beam, or a 
plurality of light beams of differing wavelengths, can be dispersed over a 
range of wavelength-dependent diffraction angles by directmg the 
polychromatic input light at the diffraction grating. This enables 
20 wavelength-specific demultiplexing of the dispersed reflected light for 

spectral analysis or other application. Similarly, the diffraction gratmg can 
be operated to enable multiplexing of input dispersed light to form 

achromatic output light by appropriate selection ofthe mirror heights and 

25 Pen0dl 2tromc programmability of a diffraction grating for a polychromator 
syst em provides the ability to reconfigure the grating such that wavelength 
specific optical analysis, such as optical correlation analysis, can be adjusted 
in real time, as an environment to be analyzed changes. This is particularly 
important for, e.g., spectral analysis applications for the identification of 
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multi ple target chetnieals. The ability to address mult^ target cecals 
with a single pe ly ehre m ater system eliminates the need for redundant 
systems and enables high-speed real time analysis. Mirror posntons for 
Z get chemicals of interest can be computed and metnorized prior to system 
5 operation. The electrostatically programmable diffraction gratmgofthe 
invention thereby enhances the efficiency, the effectiveness, and the 
adaptability of a polychromator system incorporating the gratmg. 

Specific design and operational considerations for a polychromator , 

syS tetn employing an electrostatically-programmable faction gra.ng - 
10 presented in U.S. No. 5,757,536, issued May 26, 1998, to Rtcco e a enfctled 
Electrically-Programmable Diffraction Grating," the enttrety of winch ts 
hereby incorporated by reference. 

Fig 22 presents a schematic side view of an electrostatically 
programmable diffraction grating element that is integral to a diffract™ 
,5 gralg provided by the invention for the Kicco polychromator .ys, en, Thts 
fCe eiement and grating array are particular to a polycrystalline s.hcon 
(polysihcon), surface micromachining fabrication process, but as earned 
be ,ow, such is not required in general by the invention. As shown m the 
figure, a silicon substrate 200 provides a platform for the array. An 
20 insulating layer 202, e.g., a layer of silicon nitride, is provided on the 
Itrate surface to electrically isolate the substrate from the actuatmg 
electrodes. A first conducting layer 204, e.g., a layer of polysihcon, >s 
glided connected to an actuation voltage source 18 for delivering actuation 

voltage to the actuating electrodes. 

As shown in the figure, the actuating electrodes 208a, 208b, 208c 
208d 208e, 208f are provided in this example as segmented electrodes, to 

by the invention. Each electrode is connected to the underlying conducting 
iayer 204 through a via in an insulating layer 210, e.g., a layer of sthcon 



48 





nitride A row 212 of actuation beams, two of which, 213, 214, are fully 
11 at supported h y support posts 216a, 216b, 216c. Both the artuafion 

silicon An electrical ground pad 218a, 218b, 218c » prov.ded at th base 

beams at ground. In addition, grounded landing electrodes 220a, 220b are 
p vided under the deflection region of each actuation beam to ensure hat no 

of the actuation circuit could occur should an actuatien beam touch 
down to the substrate during operation. 
10 A row 225 of mirror beams, one of which, 226, is fully shown, is 

.ppolovertherowofactuationbeamsbysupportposts228.28.fn 

J example, the mirror beam row and its support posts are conducing 
^stlne silicon, ft is contemplated in accordance with the —on 
It the post design be application^cific in that the mecbamcal m.gnty of 
15 the postmustmeetthere q uirementsofagivenapplication. Arefiecfive 

nurror surface 230 is provided on the top of the mirror beams, m one 
example,layersof chrome and goldcanbe employed to form th.snurror 

surface. 

Referring also back to Fig. 21, this configurate provrdes an 
20 arrangement wherein each mirror beam row 230, Fig. 22, corresponds to one 
of the electrostatically programmable mirrors in the tmrror array 182, f* 
21 Thus, separate control of each mirror beam row enables a deemed he, ht 
Ingement across the mirror array to produce a selected diffracfion gratmg 
optica transfer function. Adjustment of the height of one or more tmrr 

time. This further enables real time transfer function modulafion as- 
^iredforagivenappUcatiomltisthuspreferredmaccnrdancewrththe 

invention that the design of the mirror beam and actuation beam rows 
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heigM adjustment anticipated for ^ app— 

The double-beam structure of the grating 01 r ig. * 
of the height of each mirror beam row while maintaining plananty of the 
, Lher,ase XP ,inedpreviou S l y ,whenthemirrorbeamrowcomes 

to r est on the !ower actuation beam row, the combined-beam structure is 
characterized by an effective stiffening action that provides a margrn of 
safety against pull-in of the structure. For appropriate design dunces, as 
eZed above, the mirror beam row effectively acts as a mecbamcal stop to 
10 inhibit pull in of the structure. 

Incorporation of the leveraged bending action of the mventmn mto the 
structure can be employed in the manner previously explained to . enhance the 
stab ,e travel range of the actuation beams and correspond^ the plan. 
tra vel range of the mirror beams. The actuation beam geometnes can further 
u T pecified in the manner previously described to produce a stram-m need 
^Iningeffec, It is to be recognized that if leveraged bending — „ 
not desired, a continuous, rather than segmented, actuation electrode 
configuration can be employed in the manner described abov. Strain, 
induced stiffening of the actuation beam is still accommodated by tins 

20 arrang L— cewiththemventlon.thee^egratingstrnctureef.ig. 
22 can be adapted to accommodate a range of applications. For examp e, rf a 

of the figure, then the underlying conductor layer 204 and vra eon— to 
25 segmented electrodes need not be incorporated. Instead, segmented 

lodes, or a continuous electrode, can be provided beneath the structure 
L designs previously discussed. The conductor layer 204 and electncal vm 
connections are primarily required only for those configurates where 
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connection to the actuation electrodes is complicated by proximity of multiple 

beamS Figs 23A-23K provide cross-sectional views of an example fabrication 

st ructure of Fig. 22. Referring to Fig. 23A, in the example process a startmg 
material of, e.g., a 4-in p-type double-sided polished silicon wafer 300 „ 
provided. It is preferable that the wafer thickness vary over a d» area by 
Inch less than the optica, wavelengths of interest. A layer 302 of smcon 
dioxide, e.g., of about 6000 A in thickness, is thermally grown on the 
subs trate, and a layer 304 of silicon nitride of, e.g., about 3000 A ,s fonned by 
,ow pressure chemical vapor deposition (LPCVD). These layers together form 
the electrical isolation of the substrate. The oxide layer, which .s 
compressive, is employed te balance the tensile residual stress of the mtnde 

5 layer ' A 0 5 um-thick LPCVD polysilicon layer 306 is then deposited on the 
insulating layers to form the lower electrical routing layer of the gratmg. A 
blanket boron ien implantation with a dose of about 5 x 15 cm and an 
energy of about 8 KeV is carried out te lower the resistivity of the polysmcon. 
After doping, the layer is patterned in the conventional manner, e.g., 
20 employing plasma etching techniques, to define a selected routmg 

arrangement. As shown in Fig. 23B, an insulting layer 308 e g a sd.con 
nitride layer of between about 3000 A and about 5000 A in tmckness, is then 
deposited and patterned to electrically isolate the conducting routing layer 
306 and form vias for contacting the routing layer. 

As shown in Fig. 23C, a second polysilicon layer 310, of, e.g., O.Sum m 
thickness, is then deposited by LPCVD, doped by implantation, and 
patterned to term the actuating electrode, grounded landing and post pads, 
and electrical routing. Referring to Fig. 23D, a sacrificial oxide layer 312, 
e g a layer of low temperature oxide with a thickness of about 2.0 urn, ,s 
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deposited to define the actuation gap. In a first etch step, shown in « 
the oxide layer is patterned and etched h y a thned etch process * 
dimple features 314 that will be replicated in the actuate beam. These 

5 of the beam to the substrate. 

In . second oxide etch step, shown in Figs. 23F, beam support post 
Endows 316 are etched through the entire thickness of the oxrde layer ^ 
define the locations of the actuation beams' support posts. Kefernng to F:g. 

10 doped by implantation, and patterned to define rows of actuation b.m. The 
polysilicon deposition conformally fills the support post wmdows 316 to form 
the support posts themselves. 

Turning to Fig. 23H, a sacrificial oxide layer 320, e.g., a laye of low 
temperature oxide of 2.0 pm in thickness, is deposit on the po^hcon layer 
318 and patterned to define support post windows 322 etched through the 
entire thickness of the oxide layer 320. As shown in Fig. 231 a polysdKon 
layer 324 of, e.g., 2.0 urn in thickness is then deposited, doped by 
bnpiantation, and patterned to define rows of mirror beams. As w.th the 
earlier polysilicon deposition, this deposition conformally fills the support 
post windows 322 to form the support posts themselves. A cappmg layer of 
oxide, of, e.„ about 0.1 pm in thickness, can be deposited on the polysmcon 
layer if desired, in anticipation of a next annealmg step. 

Films produced by the fabrication deposition sequence (the films not 
being shown in the figures, for clarity) are then removed from the backs.de of 
the wafer, and the back side is implanted to enable formation of a good 
contact. It is preferred that the backside film removal be earned out w,th 
oonsideration for substrate warpage, in the conventional — The 
substrate is then annealed, e.g., at a temperature of about 1075 C for, e.g., 
about 5 hours. Preferably, the annealing time and temperature are 
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optimized for the particular mechanical and materials properties of a given 
structure, in the conventional manner. With such optimizatmn, the 

polysilicon layers to near zero. The oxide capping layer is then removed. 

Referring to Fig. 23J, an optically reflective coating 326 >s then 
deposited on the polysilicon layer 32,, e.g., as a 200 A-thick layer of chrome 
Jowed hy a 5000 A-thick layer of gold. The coating is then patterned nd 
wet-etched in the conventional manner. The reflective coatmg layer - hen 
employed as a masking material for a suhse q uent dry etch of the underlying 
10 polysilicon layer 324. This technic enahles self-alignment of the reflectmg 
layer and the mirror beam rows. 

Bond pads are formed by patterning and etching of the two sacruW 
oxide layers to expose the lower polysilicon routing layer 306 at approbate 
nations on the die. A conventional chrome-gold deposition and hft-off 
15 process can then be employed to form and define contact pads. 

The substrate is then diced into separate die and each dre - subjected 
to a micromachining etch to release the actuation and mirror beams The 
sacrificial etch is performed using a 49% HF solution. The dies are *» 
rinsed and freeze-dried to avoid stiction of the beams to the 
the release process. As shown in Fig. 23K, the suspended actuation beam 
and mirror beam rows and corresponding segmented actuating electrodes 



20 

result 



25 



This example surface micromachining process is not intended to hunt 
the range of materials or fabrication technologies that can be employed to 
produce the optical grating and other actuation structures described above. 
For example, bulk micromachining, electro-machining, electro-depo^on, 
electro-plating, rapid-prototyping, photochemical, and other manufacturmg 
processes can be employed. Similarly, the materials components of the 
tructures are not limited to those described above. It is to be recogmzed that 
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while microelectronic materials can be particularly well-suited for many 
applications, given their electrical and mechanical characteristics, other 
material systems that enable control of residnal stress can also be employed. 

Fig 24 is a plot of actuation beam deflection as a function of applied 
voltage for simulation and experimental data for the grating design of F* 22 
and the fabrication sequence of Fig. 23. As shown in the plot, the fabricated 
structure enabled more than about 1.75 pm displacement through a 2 pm 
actuation gap, thereby providing an actuation travel range far surpassmg 
that of conventional electrostatic actuators. 

This discussion highlights the wide range of applications of the 
electrostatic actuation structures provided by the invention. Precise analog 
positioning and control, as well as actuation voltage minimization, are 
enabled by the invention. It is recognized, of course, that those skilled m the 
art may make various modifications and additions to the actuation structures 
of the invention without departing from the spirit and scope of the present 
contribution to the art. Accordingly, it is to be understood that the protect™ 
sought to be afforded hereby should be deemed to extend to the subject 
matter of the claims and all equivalents thereof fairly within the scope of the 
invention. 
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